Abstract: Ungauged basins are challenges for hydrological study, the key discipline to analyse for planning and the operation of water resources projects. Several river basins have no hydrologic measurements where there is feasibility of promising water resources schemes. This study deals with use of the Hydrologiska Byråns avdeling for Vattenbalans (HBV) hydrological model to generate stream flow time series and other hydrological variables. The model was calibrated successfully in the Sanghutar catchment of the Likhu River of Nepal, and then used to simulate runoff series at the proposed intake site of Likhu HEP, where the gauging station has not been installed. The model can be used to generate runoff of other ungauged catchments which have similar catchment characteristics.
Introduction
River flow data and related hydrological variables are key factors in the planning and operation of water resources and water related projects. "Hydrological investigations shall be conducted in sufficient detail so that the data generated from them are well-founded, realistic and reliable. The data shall be worthy of being used with sufficient confidence in the design of the headworks, without introducing unwanted risks or unnecessary conservatism in it" (DOED 2006) . Unfortunately, several water resources projects are identified at locations where there are no hydrologic measurements or only inadequate information for hydrological analysis. In such instances, we have to rely on regional hydrological analyses, which give relatively rough estimates of stream flow and other hydrologic variables. The main objective of this study is to overcome the above mentioned limitations and generate runoff series and other hydrological variables of Likhu River basin in Nepal (Figure 1 ) by using the Hydrologiska Byråns avdeling for Vattenbalans (HBV) hydrological model. "Traditionally, hydrological investigations have been mostly involved during the planning stage of new hydropower schemes, collecting data and performing analysis of available water resources and design flood. These are still important tasks, but in addition the new trend is an increased use of hydrology for improving the operation of hydropower systems. This has led to an increasing need for real time data acquisition systems and flow forecasting methods, and the integration of such methods with hydropower simulation and optimization models" (Killingtveit and Saelthun 1995) .
HBV model
The Hydrologiska Byråns avdeling for Vattenbalans (HBV) is considered as the standard precipitationrunoff model in Scandinavian countries. The model has The precipitation-runoff model is a deterministic modular-design, lumped-parameter modelling system developed to evaluate the impacts of various combinations of precipitation, climate, and land use on stream flow, sediment yields, and general basin hydrology. Basin response to normal and extreme rainfall and snowmelt can be simulated to evaluate changes in water balance relationships, flow regimes, flood peaks and volumes, soil-water relationships, sediment yields, and groundwater recharge. Parameter-optimization and sensitivity analysis capabilities are provided to fit selected model parameters and evaluate their individual and joint effects on model output. The modular design provides a flexible framework for continued model system enhancement and hydrologic modelling research and development.
The HBV model is basically framed on the physical considerations of catchment, but parts of it have the character of a conceptual modelling approach. It considers only the most significant parts of runoff generating processes to avoid complexities in the model. In this model the catchment is basically treated as one unit without any considerations to the spatial distribution within the catchment. However, the structure for snow routine is distributed. This model is to some extent a linear model, as most of the mathematical processes in the model are linear except the computation of soil moisture, which is non-linear. This is a conceptual model as well because it considers some of the physical processes and structure in the catchment. The structure is based on the hydrological processes and is verified during the development and testing of the model. This model has to be calibrated for the particular catchment before use in the practical applications. The model contains a number of parameters that need to be given values before it can be applied.
The major applications of HBV model are: 1) To generate runoff time series from meteorological data 2) Runoff forecasting 3) Flood forecasting 4) To fill in missing runoff data 5) Quality control tool for runoff data 6) To study the effect of climate change, etc.
The present study mainly concentrates on generating runoff time series from meteorological data at Sanghutar catchment of Likhu River.
Model Structure
The model is based on a conceptual representation of a few main components in the land phase of the hydrological cycle as shown in Figure 3 . In HBV, precipitation, temperature and potential evapo-transpiration are inputs in the runoff computation. The standard version of the HBV model uses four main components to represent major hydrological processes: snow, soil moisture, fast runoff (upper zone) and slow runoff (lower zone).
Model Calibration at Sanghutar Catchment
Calibration is the process in which free parameter in the (Killingtveit and Saelthun 1995) HBV model are determined, and this is necessary before the model can be used. Figure 4 shows the process of model calibration. The free parameter are normally determined before the model is taken in operational use, and later kept constant. They may, however, be recalibrated as more and better input data are collected for the catchments.
The model has been calibrated for the Sanghutar catchment of Likhu River, where the gauging station has situated for the period of 1993-1997 by a manual trial and error method using some statistical parameters and the visual impression of the hydrograph to measure model fit. The calibrated HBV model is then validated for the same catchment using a split sample approach for different periods.
Input Data

Catchment description
The catchment area (841.36 km2), area of lakes and the area elevation curve (hypsographic curve) are the major catchment characteristics used in the HBV model. Figure 5 shows the area elevation distribution of Likhu catchments.
Air temperature
Mean daily air temperature data are used in HBV model to compute type of precipitation (snow or rain), snow precipitation distribution in the area.
• Precipitation distribution in different elevation zones has been determined using a precipitation gradient and the corresponding elevations. "The HBV model is made for Nordic conditions where an increasing precipitation with elevation is usually considered to be the norm. For high-elevation catchments like Nepal, this component of the model is usually modified to handle the precipitation variability found in such catchments" (Røhr and Killingtveit 2003) .
The daily data were collected from four stations called Sirwa, Jiri, Okhaldhunga and Salleri (refer to Figure 2 for their locations). The missing data were filled by the normal ratio method. For quality control of the data series, the double mass curve and comparison techniques were used. First, areal precipitation was calculated with the best combination of weightage to calculate the areal precipitation starting with the Thiessens polygon method. In the present study, the precipitation correction factor is found best fit as 1.86 to adjust possible errors in the areal precipitation, catch losses in the gauges, etc. The daily areal precipitation data over the cathment were calculated by considering the precipitation lapse rate with elevation. Parameters were found by trial and error and the the best value found was -1.23 % per 100m as lapse rate, showing that a reduction in precipitation with elevation is found in high elevation catchments. In the case of Nepali catchments, maximum precipitation occurs at about 2,000m elevation and it reduces both above and below that elevation. In the HBV model, a slightly negative gradient fitted well with the observations. Finally, the daily areal precipitation over the cathment is found as the precipitation input in HBV model. The free parameters applied for Sanghutar catchment are presented in Table 1 .
Runoff
Runoff data are used to calibrate the free parameters of the model. Therefore good quality runoff data for the calibration period are essential for good quality of the results. Daily runoff data series for Likhu River at Sanghutar for the period of 1993 to 1997 have been used to calibrate the model, and data series for 1998 to 2002, except the year 2000 have been used to verify the results as split sample tests. The year 2000 is not used for validation since it was found that there are a lot of suspicious data.
Since the default value of free parameters are for Nordic conditions (Table 1) , the applied values are deviated significantly from default value to fit the model in the Nepali catchment.
Potential evapo-transpiration
The potential evaporation data in the meteorological stations were not available. Hence, monthly potential melting and potential evapo-transpiration. Temperature lapse rate is also needed to compute air temperature at the different elevations based on the observations at the hydro-meteorological stations. Long-term average daily temperature data are available in two of nearby meteorological stations known as Jiri and Okhaldhunga for the study area.
Precipitation
One of the major input parameters of the HBV model is precipitation. Precipitation data determine the total amount of water input into the model, and good precipitation data are very important for the quality of the model simulations. Before using the model, the following corrections are applied in the precipitation data series.
• Data from a number of precipitation stations have been combined to obtain best weighted average evapo-transpiraiton was calculated by Thornwaite method. Thornwaite method is based on only one input: mean monthly temperature. The daily temperature measure at Jiri station was used to calculate the mean montly temperature and was used in Thornwaite formula.
Calibration Results
range but not as good as calibration. The result shows that the simulated value could not reach the observed value in peak flow in the first two years and that the simulated flow pattern is shifted or delayed compared to the observed in the latter two years. Evaluations show that the simulated pattern represented the corresponding precipitation well in time. The results of the test are summarized in Table 3 .
Model Setup at Bimire Catchment
The calibrated HBV model has used to simulate the runoff series at the proposed intake site of Likhu HEP, about 16 km upstream of Sanghutar gauging station. The place is known as Bimire, where the gauging station has not been installed. The free parameters are kept constant for the model setup and the catchment parameters are adjusted according to Bimire catchment.
Only a few instantaneous flow measure ments have been made at the intake site in recent years. The Catchment Area Ratio (CAR) is 0.76 (high), so it is reasonable to transpose the flows to intake site by this ratio. The transposition ratio should also reflect any variation in unit runoff ratio between the two locations. The scaled runoff series has developed by this method.
Simulation Results
By using calibrated model, the runoff time series has been generated as shown in Figure 8 . The quality of the output will be compared with the runoff series computed by using transposition ratio.
Comparision of results
The runoff data of Intake which were computed by using the transposition ratio are compared with the runoff data computed by simulation of the HBV model in Figure 9 . The calibration result as shown in Figure 6 has given very good result with an average Nash-Sutcliffe coefficient of determination (R2) value of 0.90 as shown, except to catch the peak values in 1996 and 1997.
The results show that the calibration has been optimally fitted to the observed data. The calibration results are summarized in Table 2 .
Split Sample Test
An independent checking of the model was carried out for the period of 1998 to 2002, excluding 2000 to verify the goodness of fit of the model. (Figure 7 ).
The result of the split sample test was in satisfactory The result shows that the model output has a quite good response to all simulated years except 2005 with a satisfactory R2 value. The scaled flow in 2005 is considerably lower than other years, which may be the main reason for varying with simulated runoff data. Comparative evaluation of average runoff generated from two different methods is presented in Table 4 .
Conclusion and Discussion
The results from the simulation are consistently good for the simulation period as well as for the validation period. Quality of the results would be better if there were more precipitation stations within the catchment area, particularly at higher elevations. At present only one precipitation station is inside the Sanghutar catchment. The model has produced good average flow but the instantaneous peaks have not been well simulated by the model. The result may have been affected by the following:
• In principle, the model assumes that the precipitation contributes to the runoff generation only after the saturation of soil moisture. In wet years (1996, 1998 and 1999) , precipitation pattern is instantaneous with high intensity, which contributes peak runoff generation without saturated soil moisture. This may be the main reason for the simulated peak runoff appears to be comparatively lower than the observed runoff.
• The existing precipitation stations network does not cover the whole catchment area. So, the precipitation peaks may not be fully covered.
• Actual evapo-transpiration records are not available. So, these figures are also computed using a theoretical approach developed by Thronthwaite. If accurate data could be used, the quality of the results would be different even though the reservoir area is small in this case.
The main challenge for applying the model in Nepal is the knowledge of hydrological processes at very high elevations. The current applications shows promise, and to further enhance the application of the model in Nepal, an adjustment to the snow routine in the highest elevations and more high elevation data would be beneficial.
The output of the HBV simulation at Bimire can be used as input data for planning the hydropower project. The Flow Duration Curve prepared by using the runoff simulated by HBV is presented in Figure 10 . Besides this, the flow regime has plotted using average monthly flow during the simulated period as shown in Figure 11 .
Overall, the HBV model has been successfully applied in the Likhu River. The same model has also been applied (1996) (1997) (1998) (1999) in Trishuli, Madi, Nyadi and Seti river basins of Nepal in different studies and have given satisfactory results. It proves that the model can be used significantly in Nepali river basins in planning and operation of water resources projects by its various applications.
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